INTRODUCTION
============

Since aging is associated with increased incidences of brain diseases and disorders leading to economic and social burdens, the development of neuroprotective drugs is therefore an important and urgent issue \[[@B1][@B2]\]. Alzheimer\'s disease (AD) and dementia are neurodegenerative disorders characterized by a progressive loss of memory \[[@B3]\]. AD is etiologically complex, and has been hypothesized to result from factors such as accumulation of β-amyloid (Aβ) peptides, deposition of Aβ, hyper-phosphorylated tau, free radicals, and inflammatory reactions \[[@B4]\]. Although the precise causes of AD are still unknown, neuropathological changes in patients with AD typically include degeneration of the hippocampus following the Aβ peptide accumulation in the brain \[[@B5][@B6]\].

Molecules such as lipopolysaccharide (LPS) induce an excessive activation of microglia through overexpression of pro-inflammatory cytokines and inflammatory factors such as inducible nitric oxide (NO) synthase (iNOS), cyclooxygenase 2 (COX-2), and tumor necrosis factor alpha (TNF-α) \[[@B7][@B8][@B9]\]. Hyper-stimulated microglia play an important role in the neuropathogenesis and accumulation of Aβ by secreting cytokines \[[@B10][@B11][@B12]\]. Experimental trials have shown that regulating the inflammatory process decreases the deposition of Aβ \[[@B13]\]. Natural products such as herbs, condiments, vegetables, and fruits may contain compounds that exert pharmacological and biological activities that inhibit the development or progression of AD \[[@B14][@B15]\]. A functional food, black chokeberry (*Arobia melanocarpa*) has been shown to treat diabetes, and other studies have reported its beneficial effects on human health \[[@B16][@B17][@B18]\]. However, the neuroprotective effects of black chokeberry have yet not been established.

This study therefore investigated the anti-inflammatory activity of black chokeberry fruit extract (BCE) on LPS-stimulated BV2 cells *in vitro*. In addition, we determined the neuroprotective effect of BCE in an LPS-induced mouse model of AD. Our findings demonstrate the biological activity of BCE against LPS-induced neurodegeneration, and our results inducate that BCE is a potential functional food for neuroprotection.

MATERIALS AND METHODS
=====================

Kits and reagents
-----------------

Materials for cell cultures were purchased from Gibco BRL (Carlsbad, CA, USA). Antibodies against iNOS, COX-2, and TNF-α were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). The VECTASTAIN ABC Kit was purchased from Vector Laboratories (Burlingame, CA, USA). The LIVE/DEAD Cell Viability Assay Kit was purchased form Thermo Fisher (Grand Island, NY, USA). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Ethanol extraction of black chokeberry fruit
--------------------------------------------

Dried black chokeberry fruits were purchased from Bandibulsanche Farm, Muju City, Republic of Korea. Two-hundred grams of the plant were blended and extracted for 24 h, using 1,000 mL of ehanol. The ethanol-soluble extracts were concentrated and evaporated at 60℃ under vacuum. The decocted solution was dissolved in 50 mL of sterile deionized water. The aqueous extract was lyophilized by freeze-drying at −60℃.

Cell culture and cell viability
-------------------------------

Mouse microglial BV2 cells were purchased from the Korean Cell Line Bank (Seoul, Korea) and cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS), at 37℃ and 5% CO~2~. Primray neuronal cells were isolated from prenatal Sprague Dawley (SD)-rats and grown in neurobasal medium containing 1% L-glutamine, 1% PS and B27 supplement, for 7 days at 37℃ and 5% CO~2~. Cell viability was assayed as in per protocol reported previously \[[@B19]\]. Morphological changes in the cells were observed, and images were captured using an inverted microscope connected to a digital camera (IX71; Olympus; Tokyo, Japan).

Determination of NO production
------------------------------

BV2 cells (5 × 10^4^ cells/well in 96-well microplates) were co-treated with different concentrations of BCE (30 µg/mL to 1,000 µg/mL) in the absence or presence of LPS (500 ng/mL), and cultured for 48 h in DMEM supplemented with 10% FBS. To determine the total concentration of NO in the culture media, Griess reagent was added to 100 µL of supernatant at each treatment condition, and absorbance was measured at 520 nm using a microplate reader.

Reverse transcription-polymerase chain reaction
-----------------------------------------------

BV2 cells (5 × 10^4^ cells/well in 96-well microplates) were treated with 300 µg/mL BCE in the absence or presence of LPS (500 ng/mL), and cultured for 24 h in DMEM supplemented with 10% FBS. Total RNA was isolated from cell lysates using the TRI reagent, following the manufacturer\'s protocol. mRNA expression was measured using a polymerase chain reaction (PCR) thermocycler with reverse transcriptase, as previously described \[[@B19]\]. Briefly, the first-strand cDNA was synthesized using SuperScript II Reverse Transcriptase following the manufacturer\'s protocol. The cDNA was then amplified using real-time PCR and thermocycler. Real-time PCR was performed under the following conditions: initial denaturation (10 min, 95℃), followed by 40 cycles of denaturation (30 sec, 95℃), annealing (30 sec, 60℃), and extension (30 sec, 72℃). The primers used were as follows: iNOS (5′-CAG GAG GAG AGA GAT CCG ATT-3′ and 5′-GCA TTA GCA TGG AAG CAA AGA-3′); COX-2 (5′-CTG GTC GGT TTG ATG CTA-3′ and 5′-CGA GTC GTT CTG CCA ATA-3′); IL-1β (5′-TAC CAG TTG GGG AAC TCT GC-3′ and 5′-TGG AAA AGC GGT TTG TCT TC-3′); TNF-α (5′-TGG GAG TAG ACA AGG TAC AAC-3′ and 5′-CAT CTT CTC AAA ATT CGA GTG-3′); GAPDH (5′-TGT CAT CAT ATC TGG CAG GTT-3′ and 5′-GGC CTT CCG TGT TCC TAC-3′).

Immunobltting
-------------

Immunoblotting was performed as described in our previous report \[[@B19]\].

Animal care and in vivo studies
-------------------------------

Male ICR mice weighing 20--23 g were purchased from Orient Bio (Seongnam, Korea). The mice were individually housed with *ad libitum* access to water and food (AIN 93G formula). All mice were kept in a controlled environment (room temperature, 24 ± 2℃; humidity, 40 ± 2%; 12 h light/dark cycle). All experiments and animal care were conducted in accordance with the institutional guidelines of Dongguk University (IACUC-2014-005). The animals (6 weeks old; n = 30) were randomly divided into three groups. The untreated group (Control) received saline solution. The LPS-induced brain damage group (LPS) received a single intraperitoneal (i.p.) injection of 250 µg/kg LPS.

To evaluate the *in vivo* effect of BCE on LPS-induced neroinflammation, a non-toxic concentration was selected, as described previously \[[@B20]\]. The treatment group was orally administered BCE (50 mg/kg/day) in normal saline, followed by i.p. injection of 250 µg/kg LPS after 1 h, every day for 7 days.

Histochemistry and immunohistochemistry
---------------------------------------

Animals were sacrificed after 7 days and their brains were recovered, washed in ice-cold phosphate-buffered saline (PBS) and fixed in 2% formalin. Segments from each half were embedded in paraffin and serially sectioned into 5-µm slices. The prepared sections were cleared with xylene and hydrated with serial concentrations (70%, 80%, and 90%) of ethanol. Sections were stained with hematoxylin and eosin (H&E) or cresyl violet. Some sections were incubated overnight at 4℃, with primary antibodies for iNOS, COX-2, IL-1β and TNF-α. Immunohistochemistry was performed as previously report \[[@B21]\].

High-performance liquid chromatography analysis
-----------------------------------------------

High-performance liquid chromatography (HPLC) analysis was carried out using a Sunfire C18 ODS 4.6 × 150 mm column (Waters Corporation, USA) connected to a photodiode array detector. The mobile phase was a mixture of 0.1% (v/v) acetonitrile and water containing 0.1% (v/v) formic acid, at a flow rate of 1 mL/min. A standard solution containing quinic acid (Sigma-Aldrich, MO, USA) was prepared by dissolving these compounds in distilled water (5 mg/mL). The solution was filtered through a 0.45-µm membrane filter, after which HPLC was performed.

Statistical analysis
--------------------

The results are expressed as the mean ± standard deviation (SD) of at least three independent experiments (n ≥ 3). Differences between groups were determined using Student\'s *t*-test and one-way analysis of variance. Tukey\'s test was used for multiple comparisons (GraphPad Prism ver. 4.00 for Windows, La Jolla, CA, USA). *P*-values \< 0.05 were considered statistically significant.

RESULTS
=======

BCE reduces the NO production in LPS-stimulated BV2 cells
---------------------------------------------------------

No changes were observed in the cell viability following treatment with BCE at concentrations of up to 2,000 µg/mL ([Fig. 1A and 1B](#F1){ref-type="fig"}). Analysis of NO production in LPS-stimulated cells using Griess reagent assay showed that the NO levels were 21.87 ± 3.89 µM (*P* = 0.0001) following LPS treatment in control cells. The LPS-induced NO production decreased to 17.62 ± 3.31 µM (*P* = 0.0001) and 11.65 ± 3.89 µM (*P* = 0.0001) at concentrations of 300 µg/mL and 1,000 µg/mL of BCE, respectively ([Fig. 1C](#F1){ref-type="fig"}).

BCE reduces the expression of inflammatory signals in LPS-stimulated BV2 cells
------------------------------------------------------------------------------

At 300 µg/mL, BCE reduced the mRNA expression levels of LPS-induced inflammatory signals such as iNOS, COX-2, IL-1β, and TNF-α in LPS-stimulated BV2 cells to 81.71 ± 3.04% (*P* = 0.0001), 68.65 ± 14.17% (*P* = 0.0044), 100.19 ± 30.93% (*P* = 0.0006), and 97.83 ± 16.44% (*P* = 0.0001), respectively, as compared to LPS treated controls ([Fig. 2A-D](#F2){ref-type="fig"}). BCE (30 µg/mL, 100 µg/mL, 300 µg/mL, 1,000 µg/mL, and 2,000 µg/mL) also significantly reduced the protein levels of LPS-induced inflammatory signals in a dose-dependent manner ([Fig. 2D](#F2){ref-type="fig"}).

Histological analysis of LPS-stimulated mouse hippocampus
---------------------------------------------------------

[Fig. 3A](#F3){ref-type="fig"} shows representative images of the morphology of the dentate gyrus (DG) and cornu amonis (CA) regions in the hippocampus from LPS-induced mouse. Oral administration of BCE (50 mg/kg) significantly reduced the thin layer formation following LPS-induced brain damage. Analyses of protein expression levels of inflammatory factors and pro-inflammatory cytokines revealed that BCE significantly reduces the inflammatory signals in the LPS-stimulated CA1 region. Exposure to BCE also reduced the levels of iNOS, COX-2, IL-1β and TNF-α to 69.50 ± 5.22% (*P* = 0.0001), 53.90 ± 3.54% (*P* = 0.0001), 72.77 ± 11.09% (*P* = 0.0001) and 73.30 ± 7.03% (*P* = 0.0001), respectively, as compared to LPS only treatment ([Fig. 3B](#F3){ref-type="fig"}).

The chromatogram and quinic acid composition in BCE
---------------------------------------------------

Quinic acid was identified from among the mass constituents by its retention time, which was consistent with its molecular weight of 192.17 ([Fig. 4](#F4){ref-type="fig"}). The amount of quinic acid in the BCE extract was found to be 0.023 mg/mg at the specified retention time (5 min).

The neuroprotective effects of BCE and quinic acid
--------------------------------------------------

The LIVE/DEAD Cell Assay Kit was used to determine the inhibitory effects of BCE and quinic acid on neuronal cell death. [Fig. 5A](#F5){ref-type="fig"} shows the morphologies of cells treated with BCE or quinic acid, as well as untreated cells and cells treated with sodium dodecyl sulfate (SDS). The untreated cells did not display changes in morphology, while SDS (0.01%) significantly induced cell death. Treatment of neuronal cells with BCE (300 µg/mL and 1,000 µg/mL) or quinic acid (10 µM and 100 µM) did not significantly alter the cell viability when compared to the untreated group. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay determined the inhibitory effects of BCE and quinic acid on Aβ-induced primary cell death. Viability analysis of the primary neuronal cells revealed no change in cell viability following treatment with BCE at concentrations up to 300 µg/mL. Quinic acid concentrations up to 10 µM also had no effect on the viability of primary neurons ([Fig. 5B and 5C](#F5){ref-type="fig"}). Aβ (20 µM) significantly decreased the primary neuronal cell viability, while BCE (100 µg/mL and 300 µg/mL) and quinic acid (10 µM) significantly reduced the Aβ-induced cell death ([Fig. 5C and 5D](#F5){ref-type="fig"}).

DISCUSSION
==========

Inflammation leads to progressive neuronal degenerative diseases by destroying the healthy tissue \[[@B4]\]. Gasparini et al. \[[@B22]\] reported that LPS influences Aβ deposition, and Lee et al. \[[@B23]\] demonstrated that LPS induces brain damage by causing an accumulation of Aβ. Studies by Yan et al. \[[@B24]\] presented that the anti-inflammatory drug ibuprofen significantly reduces the Aβ deposition in an AD mouse model. We therefore hypothesized that the active compounds from functional or medicinal foods could exert a neuroprotective effect. In addition to their nutritional value, functional foods contain active ingredients which induce biological activity; these components may reduce the risk of neuronal dysfunction \[[@B25][@B26]\]. Some functional foods are shown to promote health and prevent disease. Black chokeberry (*Arobia melanocarpa*), which is regarded as a functional food, has been reported to have various biological functions \[[@B17][@B18]\]. However, no studies on BCE and neuroprotection have been published to date. The first objective of our study was to investigate the effects of BCE on LPS-stimulated BV2 cells and LPS-induced damage in the mouse brain. We show that BCE was anti-inflammatory *in vitro* and *in vivo*, without affecting the viability of quiescent BV2 cells. These findings strongly support the idea that BCE confers protection against pathological neurodegeneration.

The excess production of NO following microglial activation contributes to the pathogeneses of neurodegenerative disorders. NO and iNOS, respectively, are known as a regulator and mediator that play key roles in the pathogenesis of AD \[[@B27]\]. In the present study, we examined the effects of BCE on LPS-induced NO release in BV2 cells. LPS-induced cells showed an increase in the expression levels of NO, whereas inflammatory factors (IL-1β, iNOS, COX-2, and TNF-α) decreased significantly following BCE treatment. We also demonstrated that BCE treatment modulates iNOS, COX-2, and TNF-α levels in the brain of LPS-stimulated mice. The DG and CA regions in the hippocampus are morphologically altered in AD. Neuronal cell death and overexpression of inflammatory signals such as iNOS, COX-2, and TNF-α are typical in these brain regions \[[@B28]\]. In our study, BCE significantly reduced the brain damage by regulating the expression levels of LPS-induced inflammation signals. These results suggest that BCE contains active molecules that regulate the inflammatory factors and pro-inflammatory cytokines.

Aβ is an important regulator of neuronal cell death and a key pathological molecule in AD. Prevention of pathological neuronal cell death still remains a major clinical challenge. This highlights the need for new therapeutic strategies \[[@B29][@B30]\]. Our data indicates that the active compound in BCE potently regulated the Aβ-induced neuronal cell death. The second objective of our study was thus to identify the active molecules in BCE. Using gas chromatography mass spectrometry analysis, we identified (-)-quinic acid (10.77%) as the major chemical constituent in the ethanolic extract of black chokeberry (data not shown). We measured the level of quinic acid in the BCE extract using liquid chromatography-mass spectrometry (LC/MS). The present study revealed that quinic acid and BCE reduces the progression of Aβ-induced neuronal cell death. Aβ-induced neuronal death or neurodegeneration accelerates the progression of neuroinflammation. Pero et al. \[[@B31]\] demonstrated that there was no accumulation of quinic acid in the blood stream, but suggested that quinic acid could cross the brain blood barrier. Taken together, our results suggest that the quinic acid in BCE exerts its neuroprotective effects by reducing inflammation-induced neuronal damage.

In conclusion, our findings demonstrate that BCE reduces the expression of inflammatory factors and pro-inflammatory cytokines in the context of LPS-induced neuroinflammation. These results suggest that the quinic acid in BCE may have be protective against neurodegeneration. However, further studies are required to determine whether quinic acid is the major active compound. In addition, the concentrations of quinic acid leading to optimal health benefits need to be established. This is because we observed many peaks for other compounds in the LC/MS analysis of BCE.
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![Effects of black chokeberry extract on cell viability and production of nitric oxide (NO) in lipopolysaccharide-stimulated BV2 microglial cells.\
(A) The effects of BCE on cell viability were determined using the LIVE/DEAD Cell Viability Assay Kit. Morphological changes in BV2 cells were observed using microscopy (upper panel). The surviving cells were identified by their green fluorescence (bottom panel). (B) The effects of BCE on cell viability were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (n = 4). Cell viability is expressed as 100% in the untreated group. (C) Cells were co-treated with BCE and 500 ng/mL LPS for 48 hours. NO production was measured using the Griess reagent assay (n = 6). NO was quantified based on the sodium nitrate standard curve. Data are expressed as mean ± SD. ^\*^Significant difference when compared to LPS-only treatment (*P* \< 0.05). BCE, black chokeberry extract; LPS, lipopolysaccharide.](nrp-12-13-g001){#F1}

![Effects of black chokeberry extract on expression levels of inflammatory factors and pro-inflammatory cytokines in lipopolysaccharide-stimulated BV2 cells.\
(A-D) BV2 cells were seeded in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% fetal bovine serum for 24 hours, following which they were cultured in the absence or presence of LPS (500 ng/mL) and black chokeberry extract (BCE) (300 µg/mL) for 24 hours. (A-D) The relative levels of mRNA were calculated using 2^−ΔΔCt^ values and normalized to that of GAPDH. (E) Proteins were separated and immunoblotted for protein expression analysis (COX-2, IL-1β, TNF-α, nuclear factor kappa-light-chain-enhancer of activated B cells, and GAPDH). ^\*^Significant difference when compared to LPS-only treatment (*P* \< 0.05). LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase 2; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor alpha; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](nrp-12-13-g002){#F2}

![Effects of black chokeberry extract on lipopolysaccharide-induced neuroinflammation.\
Representative photomicrographs of mouse brain cross-sections taken 7 days after an intraperitoneal injection of LPS. (A) Analysis of hippocampus morphology using hematoxylin and eosin staining. (B) Immunohistochemical staining for inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2), interleukin-1β (IL-1β), and tumor necrosis factor α (TNF-α) was performed in the cross-sections. Shading represents the intensity of brown color from iNOS, COX-2, IL-1β and TNF-α expression in the analyzed groups. Protein expression in the LPS group was considered to be 100%. Data are expressed as mean ± SD (n = 3). ^\*^Significant difference when compared to the LPS group (*P* \< 0.05). BCE, black chokeberry extract; LPS, lipopolysaccharide; DG, dentate gyrus; CA1, cornu amonis 1; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase 2; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor alpha.](nrp-12-13-g003){#F3}

![LC-MS spectrum of black chokeberry extract and the chemical structure of quinic acid. MW: molecular weight.](nrp-12-13-g004){#F4}

![Effects of black chokeberry extract and quinic acid on cell viability in Aβ-stimulated primary neuronal cells.\
(A) The effects of BCE and quinic acid on cell viability of primary neuronal cells were determined using the LIVE/DEAD Cell Assay Kit. The cell morphologies were compared to the untreated cell group. (B-D) Primary neuronal cells were cultured in medium containing BCE (10 µg/mL, 30 µg/mL, 100 µg/mL, or 300 µg/mL) and Aβ (20 µM) for 48 hours. The primary neuronal cells were also cultured in medium containing quinic acid (0.1 µM, 1 µM, or 10 µM) and Aβ (20 µM) for 48 hours. Cell viability were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Cell viability is expressed as 100% in the untreated group. Data are expressed as mean ± SD. ^\*^Significant difference when compared to the Aβ 25-35 group (*P* \< 0.05). BCE, black chokeberry extract; Aβ 25-35, amyloid beta peptide 25-35.](nrp-12-13-g005){#F5}
